1. Introduction {#sec0005}
===============

1.1. Typical development of fear in infancy {#sec0010}
-------------------------------------------

Fear is a basic emotion involving perception of potential danger. The importance of fear for survival and adaptive functioning is highlighted by the conservation of fear-based learning and behavior, and the underlying neural circuitry across species ([@bib0415], [@bib0510]). The developmental trajectory of fear in human infants is typically characterized by increasing fearfulness over the first year of life ([@bib0140], [@bib0270], [@bib0260]). In particular, a steep increase in fearfulness has been observed beginning at approximately 6-months-of-age ([@bib0100]) when a fear of strangers ([@bib0105], [@bib0670]), and increased allocation of attention to human facial expressions indicative of danger ([@bib0445], [@bib0470], [@bib0475]) begin to emerge.

While a large part of the child and adult literature focus on pathologic aspects of fear, the increase in fear around 6 months of age in infants has been interpreted as supporting infants' ability to successfully navigate the environment (as it coincides with increased capacity to independently navigate and explore surroundings, [@bib0370]). At the same time, infant fear plays an important role in facilitating attachment with caregivers, as the presence of caregivers regulates fear and reduces distress ([@bib0010], [@bib0335], [@bib0365]). In fact, higher levels of fear during infancy have been associated with increased capacity to benefit from supportive caregiving ([@bib0070], [@bib0075]). Moreover, early fearfulness is also associated with subsequent development of prosocial emotions ([@bib0025], [@bib0355]), and lower levels of aggression and disruptive behavior problems ([@bib0080], [@bib0570]).

1.2. Links between early fear and subsequent pathological fear {#sec0015}
--------------------------------------------------------------

Although fear is adaptive, and typical developmental trajectories involve increasing fear during the first year of life, high levels of fearfulness during early development have also been associated with development of anxiety disorders. Higher levels of fearful temperament (and particularly a well characterized type of fearful temperament termed behavioral inhibition) during infancy and early childhood have been linked to the subsequent emergence of anxiety symptoms ([@bib0260], [@bib0345]), and increased frequency of anxiety disorders in childhood and adolescence ([@bib0155]). Consistently high levels of fearfulness over time during toddlerhood and early childhood ([@bib0150], [@bib0330]), and extremes of fearful temperament during infancy and toddlerhood ([@bib0480], [@bib0595]), are particularly strong predictors of emerging anxiety in adolescence. However, despite these findings, the association between early temperamental fear and subsequent anxiety is modest ([@bib0175], [@bib0450]).

1.3. Disentangling maladaptive versus adaptive fear development by considering parallel cognitive development {#sec0020}
-------------------------------------------------------------------------------------------------------------

In light of somewhat conflicting evidence regarding the implications of early fear development, investigators have sought to examine factors that interact with early fearfulness to determine healthy versus maladaptive developmental trajectories ([@bib0001]). One fruitful approach that has emerged for disentangling maladaptive versus adaptive fear development is examination of fear in parallel with cognitive development. Patterns of negative emotional reactivity, including fearfulness, have generally been conceptualized as strong risk factors for psychopathology in the context of low cognitive capacity to regulate emotional and behavioral responses ([@bib0450], [@bib0570]). In line with this idea, children with high levels of fearful or inhibited temperament accompanied by higher cognitive skills, and particularly ability to shift attention, are less likely to develop anxiety symptoms compared to fearful children with lower cognitive skills ([@bib0175], [@bib0245], [@bib0675]). This pattern extends to infancy. During the first year of life, higher levels of negative affect (including fear) predict subsequent internalizing symptoms only for infants with poor capacity to orient attention and regulate emotions ([@bib0265]). Thus development of cognitive skills may mitigate the chances of normative fear development leading to fear-related psychopathology.

Other research goes further and suggests that the combination of higher fear and early emerging cognitive skills during infancy may be associated with more optimal emotional and cognitive outcomes. For example, [@bib0160] reported that in the context of good attentional control at 6 months, high distress to novelty at 6 months predicted lower levels of anxiety symptoms at 2.5 years ([@bib0160]). A combination of both high negative reactivity and high frequency of regulatory behaviors (including attention orienting, seeking comfort, and avoidance) in response to a frightening stimulus at 15 months, has been found to predict the highest levels of executive functioning at 4-years compared to all other combinations of reactivity and regulation ([@bib0645]). Taken together these results suggest that parallel examination of cognitive development is an important starting point for understanding the implications of fear during infancy for ongoing development and behavioral health.

1.4. Early brain connectivity as a predictor of fear development {#sec0025}
----------------------------------------------------------------

In the current study we attempt to determine whether markers of functional brain organization in the neonatal period precede and relate to the emergence of fear at 6 months-of-age. Importantly, we do this in the context of variation in cognitive development to contribute to a more nuanced understanding of fear development. We focus on amygdala connectivity due to the animal literature indicating an important role for the amygdala in the early development of fear ([@bib0040], [@bib0045], [@bib0085], [@bib0435], [@bib0440], [@bib0565]). In humans, the amygdala functions in a coordinated manner with multiple subcortical and cortical brain regions including sensorimotor, emotion, memory and higher order attention centers ([@bib0165], [@bib0250], [@bib0275], [@bib0280], [@bib0540], [@bib0545], [@bib0580], [@bib0625]). Previous work in children and adults has highlighted coordinated functioning of the amygdala with several of these brain regions, including the anterior insula (aI) and medial prefrontal cortex (MPFC), as particularly important for understanding the neural basis of typical and pathological fear ([@bib0135], [@bib0195], [@bib0200], [@bib0415], [@bib0540], [@bib0555], [@bib0620]). However, the role of amygdala connectivity in the emergence of fear during infancy has not been investigated.

1.5. The role of the caregiving environment {#sec0030}
-------------------------------------------

In examining neonatal amygdala connectivity as a precursor of emerging fear and cognitive development during infancy, it is imperative to consider the role of the caregiving environment. Evidence suggests that early developmental trajectories of fear are influenced by levels of positive and responsive caregiving ([@bib0100], [@bib0260]). Work in animal models and with human children indicates that caregiving influences emerging fear via effects on developing amygdala circuitry ([@bib0275], [@bib0365], [@bib0640]). An emerging body of work also suggests that certain early biological phenotypes (in the form of combinations of certain genes or aspects of nervous system functioning) confer sensitivity to the caregiving environment, such that negative environments will be associated with more detrimental outcomes, and positive environments will be associated with more gains ([@bib0065], [@bib0095]). Patterns of amygdala functioning (and associated physiological and behavioral measures) are posited to be a potentially important biological phenotype in determining sensitivity to the caregiving environment ([@bib0075], [@bib0455]).

1.6. Present study {#sec0035}
------------------

The present study therefore has the following aims. First, we aim to identify whether patterns of neonatal amygdala functional connectivity precede and relate to emerging fear at 6-months-of-age, an important time for typical development of fear behaviors. Second, we aim to establish whether patterns of amygdala connectivity at birth provide information relevant not only to development of fear, but to a more nuanced understanding of fear that incorporates cognitive development. Third, we aim to identify the extent to which functional brain connectivity at birth is relevant for emerging fear and cognition after accounting for the influence of the postnatal caregiving environment. As part of the third aim, we also investigate whether patterns of brain connectivity at birth confer sensitivity to the influence of postnatal caregiving on fear and cognitive development.

2. Methods and materials {#sec0040}
========================

2.1. Participants {#sec0045}
-----------------

Infants included in the study (*N* = 48) were part of an ongoing prospective longitudinal study for which mothers were recruited during the first trimester of pregnancy. Exclusionary criteria for infants were as follows: birth before 34 weeks gestation, and evidence of a congenital, genetic or neurologic disorder. Infants were approximately 1 month-of-age at the time of the fMRI scan, and 6.5-months-of-age at the time of the behavioral assessment. Detailed demographic information is presented in [Table 1](#tbl0005){ref-type="table"}. All procedures were approved by the Institutional Review Board at University of California, Irvine.Table 1Demographics.Mean (SD)Age in weeks Gestational age at birth39.3 (1.39) Age at fMRI data collection3.65 (1.72) Age at behavioral assessment28.0 (1.98)  PercentageSex Male62.5 Female37.5  Race/ethnicity Caucasian non-Hispanic42.6 African American non-Hispanic2.13 Asian non-Hispanic10.6 Multi-racial non-Hispanic10.6 Caucasian Hispanic29.8 Asian Hispanic2.13 Multi-racial Hispanic2.13  Highest level of maternal education High-school or test equivalent10.4 Vocational school or some college50.0 Associates degree4.20 Bachelors or graduate level degree35.5  Gross annual household income \<\$15,0006.38 \$15,000--29,99919.1 \$30,000--49,99929.8 \$50,000--100,00036.2 \>\$100,0008.51

2.2. MRI and fMRI data acquisition and processing {#sec0050}
-------------------------------------------------

### 2.2.1. Data acquisition {#sec0055}

Neuroimaging data was collected during natural sleep on a TIM Trio, Siemens Medical System 3.0T scanner. Neonates were swaddled and fitted with ear protection to reduce scanner noise. Waking and respiration were monitored throughout the scan to ensure the comfort and safety of the neonates. A high-resolution T2-weighted scan (TR = 3200 ms, echo time = 255 ms, resolution = 1 × 1 × 1 mm, 4.18 min) was collected as the anatomical reference image for the functional images. A high-resolution T1-weighted scan (MP-RAGE TR = 2400 ms, inversion time = 1200 ms, echo time = 3.16 ms, flip angle = 8°, resolution = 1 × 1 × 1 mm, 6.18 min) was also collected, and used in conjunction with the high-resolution T2-weighted scan for segmentation of the amygdala (described below). Functional images for rs-fcMRI were obtained using a gradient-echo, echoplanar imaging (EPI) sequence sensitive to blood oxygen level-dependent (BOLD) contrast (TR = 2000 ms; TE = 30 ms; FOV = 220 × 220 × 160 mm; flip angle = 77°). Full brain coverage was obtained with 32 ascending-interleaved 4 mm axial slices with a 1 mm skip. Steady-state magnetization was assumed after 4 frames (8 ∼ *s*). Functional data was obtained in a single scan consisting of 150 volumes for early participants (*N* = 8), and increased to 195 volumes (*N* = 40) in later stages of the study to increase the likelihood of acquiring a sufficient number of volumes for analysis. As discussed below, only functional scans with at least 4 min of data (after volume removal for motion) were included in the present study.

### 2.2.2. fMRI data preprocessing {#sec0060}

Brain images were separated from the rest of the head tissue with the Brain Extraction Tool from the FMRIB Software Library ([@bib0060], [@bib0615], [@bib0610]), and additional refinement with an in-house technique to refine brain masks as necessary. Functional images were preprocessed to reduce artifacts ([@bib0410]). These steps included:(i) removal of a central spike caused by MR signal offset, (ii) correction of odd versus even slice intensity differences attributable to interleaved acquisition without gaps, (iii) realignment, and (iv) intensity normalization to a whole brain mode value of 1000. Atlas transformation of the functional data was computed for each individual via the high-resolution T2 scan. The transformation involved calculation of a single matrix for each individual to facilitate registration both to a standard infant template (0- to 2-month age range; MRI Study of Normal Brain Development; [@bib0220], [@bib0225]), and to the Talairach coordinate system ([@bib0635]) (by aligning the infant template to a custom atlas-transformed, [@bib0360] target template \[711-2B\] using a series of affine transforms ([@bib0405]. Each run was then resampled in atlas space ([@bib0635]), combining realignment and atlas transformation in one interpolation. All subsequent operations were performed on the atlas-transformed volumetric time series. Visual inspection of data resulted in the loss of two subjects for poor quality EPI scans, and one subject for a structural abnormality identified in the high resolution T2-weighted scan.

### 2.2.3. rs-fcMRI preprocessing {#sec0065}

Additional preprocessing steps designed for rs-fcMRI were conducted to account for signal stemming from non-neuronal processes ([@bib0215], [@bib0240]). These steps followed established procedures described in previous work including, temporal band-pass filtering (0*f* \< 0.1 Hz), regression of rigid body head motion parameters in 6 directions, regression of the whole brain signal, regression of ventricular signal averaged from a ventricular region mask, regression of white matter signal averaged from a white matter mask and regression of first order derivative terms for the whole brain, ventricular, and white matter signals ([@bib0210], [@bib0205], [@bib0215]). Due to research demonstrating that unfiltered nuisance regression on filtered data can introduce noise ([@bib0300]), we made sure that nuisance variables for regression were applied prior to bandpass filtering. Additional steps were taken to examine movement of a given frame relative to the previous frame, known as framewise displacement (FD; [@bib0215], [@bib0520]). We used a volume censoring approach, removing volumes associated with greater than 0.3 mm FD (and 1 preceding and 2 following volumes to account for temporal blurring; [@bib0520]). We then removed scans with less than 4 min of data remaining, which resulted in removing an additional three infants from analyses. For the remaining infants (*N* = 48) scan length after volume removal was approximately 5 and a half minutes (*M* = 5.50, range = 4.17--6.30), and remaining FD was approximately 0.08 (*M* = 0.081, range = 0.047--0.134). Based on the recent recommendations, post-hoc analyses included adjustment for remaining FD to rule out effects of remaining motion on results ([@bib0215], [@bib0535]).

### 2.2.4. Amygdala regions of interest {#sec0070}

Amygdala were segmented using a multi-modality, multi-template based automatic method combining T1 and T2 weighted high-resolution images ([@bib0665]), followed by manual correction in ITK-Snap ([@bib0680]). Manual corrections of the automatic segmentations were performed with data re-aligned such that the anterior--posterior direction was positioned along hippocampal long axis. We employed a strict protocol of correcting the amygdala boundary definition using both the T1 and the T2 weighted image. Images were segmented in original and left-right mirrored presentation to account for asymmetric presentation biases ([@bib0385]) and averaged for the final segmentation. Scan/rescan stability tests for the automatic segmentation procedure have been conducted in a separate sample set. Reliability for manual correction was established for raters on this dataset via a standard reliability study, in which 5 datasets were triplicated and randomized. These 15 datasets were then segmented automatically, and manually corrected by two raters. For manual correction of these 15 datasets, agreement between the two raters (inter-rater correlation coefficient) and agreement within the same rater across the same dataset (intra-rater correlation coefficient) were both above 0.98.

For each infant, the individualized amygdala regions of interest (ROIs) were transformed to atlas space based on the atlas transform previously computed for the functional data and high-resolution T2 scan. These individualized amygdala ROIs were used as seed regions for rs-fcMRI analyses. Specifically, the time course of the BOLD signal was averaged across the voxels within each amygdala ROI, and then correlated with the time course for all other voxels throughout the brain. This resulted in whole-brain voxel-wise connectivity maps for both the left and right amygdala, which were used as predictors of the behavioral outcomes of interest in regression models employing Monte Carlo simulation to account for multiple comparisons ([@bib0230]; as described in more detail in Section [2.5](#sec0110){ref-type="sec"})*.*

2.3. Infant behavioral outcomes {#sec0075}
-------------------------------

### 2.3.1. Infant fear {#sec0080}

Infant fear at 6 months was assessed via maternal report on the Infant Behavior Questionnaire-Revised (IBQ-R; [@bib0270]). Mothers rated infants' engagement in specific fear-related behaviors from 1 (never) to 7 (always). This 16-item scale assesses "negative affect related to anticipated pain, distress and/or threat" (p. 198, [@bib0265]). This includes signs of distress and startle in response to rapid changes in sensory stimuli, and in response to novel physical and social stimuli. Items also measure slow or inhibited approach to novel stimuli. The scale score is calculated as the mean of all item ratings. Maternal report on this measure has been widely used to assess infant fear in the first year of life ([@bib0090], [@bib0260]), and demonstrated good internal consistency ([@bib0270], [@bib0465]), and convergent validity with laboratory observation ([@bib0100], [@bib0260], [@bib0465]).

### 2.3.2. Infant cognitive development {#sec0085}

Infant cognitive development at 6-months was assessed with the Cognitive Scale composite score from Bayley Scales of Infant and Toddler Development, Third Edition (Bayley-III; [@bib0055]). This is a widely used, standardized measure of infant development. The Cognitive Scale includes developmentally appropriate assessment of emerging sensorimotor, attention and memory skills, as well as interest in and understanding of the environment.

### 2.3.3. Differentiated fear phenotype {#sec0090}

As a more nuanced/differentiated assessment of infant fear including cognitive development, an interaction term was created by multiplying infant fear and cognitive development scores. This continuous variable was used as an outcome in subsequent analyses. All analyses examining this outcome included the fear and cognitive development scores as covariates to adjust for their main effects.

2.4. Postnatal caregiving environment {#sec0095}
-------------------------------------

### 2.4.1. Quality of the caregiving environment {#sec0100}

The Home Observation for Measurement of the Environment (HOME) Inventory ([@bib0130]) was used to index the quality of the caregiving environment when the infant was 6-month-of-age. Measurement is based on home observation and a semi-structured interview with mothers. Observers were trained, and achieved reliability with a certified administrator of this inventory (95% agreement on two consecutive videos). Analyses employed the total score, which is a summary measure that incorporates assessment of interactions between infants and caregivers (responsivity and acceptance), and the extent to which the physical environment is organized and supportive of infant development (learning materials and organization). In follow-up analyses, we additionally examined composites of subscales that are likely most relevant to the each behavioral outcome. For fear, we examined a composite of the responsivity and acceptance scales (mean), and for cognitive development, a composite of the learning materials and organization scales (mean).

### 2.4.2. Maternal depressive symptoms {#sec0105}

The 20-item Center for Epidemiological Studies of Depression Scale (CESD; [@bib0560]) was used to assess maternal depression concurrently with the IBQ-R due to evidence that maternal report of infant emotionality can be influenced by maternal mood ([@bib0465]). Mothers reported on symptoms of depression over the past week on a 4-point scale, ranging from 0 (rarely or none of the time) to 3 (most or all of the time). The mean score was used in analyses.

2.5. Analysis outline {#sec0110}
---------------------

Regression analyses were used to examine the associations between whole brain voxel-wise connectivity of the amygdala (left and right separately) during the neonatal period, and each behavioral outcome (fear, cognitive development and the differentiated fear phenotype) at 6 months age. Each regression model included whole brain voxel-wise connectivity of the left or right amygdala as the independent variable and one of the behavioral outcomes as the dependent variable. Infant gestational age at birth and age at scan were included as covariates in all analyses, and the fear and cognitive development scores (main effects) were included as covariates for the differentiated fear phenotype (interaction). For all of the primary results, post-hoc analyses were conducted including a covariate for remaining FD (micromovements remaining in the rs-fcMRI scan following removal of frames based on motion parameters) to assess for the potential confound of residual motion ([@bib0535]). We examined associations between the outcomes of interest and additional potential confounds (maternal depression and infant sex) to determine whether to include them as covariates in post-hoc analyses. For the whole brain analyses, thresholding based on Monte Carlo simulation was implemented to account for multiple comparisons ([@bib0230]). Correction for *p* \< 0.05 voxel clusters required a threshold of 53 contiguous voxels with a *Z*-value \>2.25.

Post-hoc analyses examining the influence of the postnatal caregiving environment focused on functional connections identified in these whole brain regression analyses as associated with the behavioral outcomes. We focused specifically on functional connections, which have previously been shown to be particularly important for understanding the neural basis of typical and pathological fear in animal models, and human children and adults ([@bib0135], [@bib0195], [@bib0200], [@bib0415], [@bib0540], [@bib0555], [@bib0620]), such as amygdala-insula connectivity and amygdala-MPFC connectivity. This approach was taken to reduce multiple comparisons, and facilitate interpretability of results. Correlation coefficients (*r*) representing the strength of these connections were extracted using previously reported methods ([@bib0285]). In brief, a search algorithm from the 4dfp Suite of Image Processing Programs (<ftp://ftp.imaging.wustl.edu/pub/raichlab/4dfp_tools/>) was used to identify ROIs surrounding peak voxels within the whole brain thresholded results map. The time course of the signal was averaged across the voxels within each ROI and then correlated with the time course for the amygdala signal. Hierarchical linear regression models (one for each connection) were then used to examine: (1) whether the strength of these functional connections in neonates predicted 6-month behavioral outcomes above and beyond the influence of the postnatal caregiving environment, and (2) whether functional connection strength at birth interacted with the subsequent caregiving environment to predict 6-month behavioral outcomes (i.e. functional amygdala connectivity at birth was tested as a potential indicator of neural sensitivity to the environment). Previous covariates from the whole brain regressions were retained in analyses.

3. Results {#sec0115}
==========

3.1. Preliminary analyses {#sec0120}
-------------------------

### 3.1.1. Infant fear and cognitive development measures {#sec0125}

Internal consistency of the fear scale in this sample was high (*α* = 0.915). The distribution included a wide range of fearfulness (*M* = 2.84, SD = 1.11, range = 1.13--6.00). We created an age-residualized fear score to account for infant age at the time of IBQ assessment, which was used in all analyses. The distribution of cognitive development scores in the current sample was in line with expectations for typically developing infants (*M* = 103.4, SD = 8.70, range = 85--120).

### 3.1.2. Postnatal caregiving environment {#sec0130}

The wide range of normally distributed scores on the HOME Inventory (*M* = 35.6, SD = 3.96, range = 25--44) indicated a high level of variability in the quality of the caregiving environment in this sample.

### 3.1.3. Maternal depressive symptoms {#sec0135}

Internal reliability of the CESD was high (*α* = 0.921), and the distribution was in line with expectations for a non-clinical sample of mothers (*M* = 10.3, SD = 9.86, range = 0--41).

### 3.1.4. Associations among main outcome variables and covariates {#sec0140}

The main outcome variables (infant fear and cognitive development) were not significantly correlated (*p* \> 0.1; [Table 2](#tbl0010){ref-type="table"}). Furthermore, gestational age at birth, postnatal age at scan and maternal depressive symptoms were not associated with these main outcomes ([Table 2](#tbl0010){ref-type="table"}). There were also no significant differences in the behavioral outcomes of interest depending on infant sex (*p* \> 0.1). Due to the lack of significant associations between maternal depressive symptoms, infant sex and any of the main outcome variables, maternal depressive symptoms and infant sex were not adjusted for in any analyses. As expected the summary measure of the caregiving environment (HOME total) was strongly positively correlated with the two subscales (acceptance--responsivity and learning-organization). The two subscales were moderately correlated with one another. The learning-organization subscale demonstrated a negative association with maternal depressive symptoms, and the acceptance--responsivity subscale evidenced a positive association with infant cognitive development.Table 2Correlations among study variables and covariates.1234561. Gestational age at birth--2. HOME total0.020--3. HOME acceptance--responsivity0.0930.788[\*\*](#tblfn0010){ref-type="table-fn"}--4. HOME learning-organization−0.0140.675[\*\*](#tblfn0010){ref-type="table-fn"}0.348[\*](#tblfn0005){ref-type="table-fn"}--5. Maternal CESD score0.002−0.209−0.09−0.403[\*](#tblfn0005){ref-type="table-fn"}--6. Infant fear−0.197−0.0120.091−0.0390.183--7. Infant cognitive development0.1040.2380.366[\*](#tblfn0005){ref-type="table-fn"}−0.0170.0840.183[^1][^2]

3.2. Primary analyses {#sec0145}
---------------------

In this section we begin by examining the association between neonatal amygdala connectivity and 6-month fear, cognitive development, and the interaction between these two constructs (the differentiated fear phenotype). We follow this set of analyses by determining the role of the caregiving environment in the initial findings.

### 3.2.1. Fear {#sec0150}

For the left amygdala, stronger positive connectivity to the bilateral aI (extending into the inferior frontal gyrus on the right), left parahippocampal gyrus (PHG), right putamen, right precentral gyrus (premotor cortex), right temporoparietal junction (TPJ) and right superior temporal gyrus (STG), predicted higher levels of infant fear at 6-months. Greater negative connectivity between the left amygdala and left occipital cortex (cuneus and lingual gyrus) also predicted higher fear (see [Fig. 1](#fig0005){ref-type="fig"} and Table S1).Fig. 1Neonatal amygdala connectivity predicts infant fear at 6-months. *Note*. Panel (A) shows results for left amygdala. Greater positive connectivity to several regions including bilateral anterior insula (aI; red arrows) predicts higher fear at 6 months. Panel (B) illustrates the association between infant fear and connectivity strength from the left amygdala to the aI regions identified in the whole brain analyses (mean of the correlation coefficient for left amygdala-bilateral aI connectivity, standardized and adjusted for infant gestational age and age at scan). Panels (C and D) show results for the right amygdala indicating that greater positive connectivity to ventral striatum (VS), among other regions, predicts higher fear at 6 months. The scatter plot for right amygdala to VS connectivity and infant fear is similar to that for left amygdala and aI. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Findings for the right amygdala were distinct from the left amygdala. Greater positive connectivity to ventral striatum (VS), left parahippocampal gyrus, and right STG extending into TPJ predicted higher infant fear at 6-months. Greater negative connectivity between the right amygdala and left occipital cortex (cuneus) and postcentral gyrus also predicted higher fear (see [Fig. 1](#fig0005){ref-type="fig"} and Table S1). Post-hoc analyses indicated that the strength of these connections (both left and right amygdala) still significantly predicted higher fear after adjusting for remaining FD.

### 3.2.2. Cognitive development {#sec0155}

The associations between neonatal amygdala connectivity and 6-month cognitive development were largely distinct from the fear findings, although an interesting overlap was also observed in the aI. For the left amygdala, stronger positive connectivity to the anterior cingulate cortex/MPFC (ACC/MPFC), left anterior, dorsal PFC (superior frontal gyrus \[SFG\] and medial frontal gyrus \[MFG\]), bilateral aI, left temporal cortex (STG and medial temporal gyrus \[MTG\]), and left pre- and postcentral gyrus predicted higher levels of cognitive development.

The pattern of findings for the right amygdala was similar to the findings for the left amygdala. For the right amygdala, stronger positive connectivity to the ACC/MPFC, dorsal MPFC, left anterior, dorsal PFC (SFG and MFG), left inferior frontal gyrus, bilateral aI, left temporal cortex (STG and MTG) and premotor cortex predicted higher cognitive development scores (see [Fig. 2](#fig0010){ref-type="fig"} and Table S2). Again, findings were consistent after adjusting for remaining FD.Fig. 2Neonatal amygdala connectivity predicts infant cognitive development at 6-months. *Note*. Panel (A) shows results for left amygdala. Greater positive connectivity to rostral anterior cingulate cortex/anterior medial prefontal cortex (ACC/MPFC; red arrows), and several other cortical regions, predicts higher cognitive development scores 6 months. Panel (B) illustrates the association between infant cognitive development and the correlation coefficient indicating connectivity strength from the left amygdala to the ACC/MPFC region (standardized and adjusted for infant gestational age and age at scan). Panels (C and D) show similar results for the right amygdala. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

### 3.2.3. Differentiated fear phenotype (interaction between fear and cognitive development) {#sec0160}

For the left amygdala, positive connectivity with the ACC/MPFC, medial orbital frontal cortex (OFC), left PHG, right temporal pole, bilateral IFG, and bilateral cerebellum, predicted the interaction between fear and cognitive development. Negative connectivity with parietal cortex (posterior cingulate cortex \[PCC\], precuneus and superior parietal lobule), cerebellum, and a subcortical cluster (extending into thalamus, caudate and hippocampus) also predicted the interaction between fear and cognition. For the right amygdala, positive connectivity with the ACC/MPFC, bilateral PHG, bilateral temporal pole, right IFG, and left cerebellum, predicted the interaction between fear and cognition. Negative connectivity with the left somatosensory and right premotor cortices also predicted the interaction term ([Fig. 3](#fig0015){ref-type="fig"} and Table S3). Interestingly, the ACC/MPFC region identified in these analyses (with a dorsal peak of *x* = 3, *y* = 31, *z* = 4 and ventral peak of *x* = −2, *y* = 20, *z* = −20) was ventral and posterior to that identified in the analyses focused on cognitive development (with a dorsal peak of *x* = 10, *y* = 43, *z* = 29 and ventral peak of *x* = 10, *y* = 43, *z* = −8; [Fig. 2](#fig0010){ref-type="fig"}, [Fig. 3](#fig0015){ref-type="fig"}; Tables S2 and S3). Therefore, we refer the MPFC region identified in the interaction analysis as the ventral ACC/MPFC (vACC/MPFC). Again, findings were consistent after adjusting for remaining FD.Fig. 3Neonatal amygdala connectivity predicts specific combinations of infant fear and cognitive development at 6-months. *Note*. Panels (A and B) shows results for left amygdala. Greater positive connectivity to ventral anterior cingulate cortex/medial prefrontal cortex (vACC/MPFC), among other regions, predicts infant fear at 6 months differently depending on infants' cognitive development. The bar graph in Panel (B) illustrates the interaction based on median splits of infant fear and cognitive development. Panels (C and D) show similar results for the right amygdala. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

We next ran a post-hoc analysis to probe the interaction, and determine how the association between amygdala-vACC/MPFC connectivity and fear varied depending on level of cognitive development. We focused specifically on amygdala-vACC/MPFC connectivity due to the extensive research documenting the importance of this connection for regulation of fear in animal models and human children and adults ([@bib0030], [@bib0195], [@bib0235], [@bib0280], [@bib0415], [@bib0500]). To statistically probe the interaction in a manner consistent with the continuous variables used in the analyses, we generated simple slopes ([@bib0005]), which represented the association between amygdala-vACC/MPFC connectivity and infant fear depending on the level of infants' cognitive development. Higher and lower cognition were defined as one standard deviation above and below the mean cognitive composite score (with mean remaining FD included as an additional covariate). For both the left and right amygdala, stronger connectivity to the vACC/MPFC was associated with higher fear only for infants with higher cognition (*β* = 0.425, *p* = 0.008 for left amygdala and *β* = 0.351, *p* = 0.028 for right amygdala). For infants with lower cognition, connectivity between the amygdala and vACC/MPFC was not significantly associated with fear (*β* = −0.402, *p* = 0.125 for left amygdala or *β* = −0.386, *p* = 0.144 for right amygdala). Repeating this analysis for all vACC/MPFC peaks revealed a consistent pattern of results. Thus, stronger positive connectivity between the amygdala and vACC/MPFC in neonates specifically predicted a phenotype of higher fear combined with higher cognitive development at 6-months. Although typically plotted with line graphs, the interaction is depicted with a bar graph in [Fig. 3](#fig0015){ref-type="fig"} because this provides the most intuitive visual representation of the results. This early pattern of connectivity that predicts the combination of higher fear and cognition may have implications for ongoing development of the capacity to use cognitive skills to adaptively regulate and make use of negative emotions.

3.3. Postnatal caregiving environment {#sec0165}
-------------------------------------

Because of the impact of the caregiving environment on brain and behavioral development, we next conducted post-hoc analyses to determine whether the above findings were modulated by this environmental factor. All analyses included infant gestational age at birth and age at scan as covariates. After examining the total summary score of the home environment, follow-up analyses focused on caregiving subscales potentially more pertinent to the specific behavioral outcomes of interest (caregiver acceptance--responsivity for infant fear, and learning materials-organization for cognitive development).

### 3.3.1. Fear {#sec0170}

As noted previously, to reduce multiple comparisons and increase interpretability of results, these analyses focused on functional connections with the strongest existing empirical and theoretical links to development of typical and pathological fear. For infant fear, this analysis therefore focused on left amygdala to bilateral aI connectivity. A regression model with left amgygdala to bilateral aI connectivity and the caregiving environment as predictors, explained a significant amount of the variance in infant fear at 6 months (*R*^2^ = 0.317; *p* = 0.004). Left amygdala to bilateral aI connectivity remained a significant predictor (*β* = 0.506, *p* = 0.001) of infant fear while the caregiving environment was not significantly associated with infant fear (*β* = −0.103, *p* = 0.466). Including the interaction between amygdala to aI connectivity and caregiving did not explain a significant amount of additional variance (*R*^2^ = 0.000, *p* = 0.921), and the interaction did not significantly predict infant fear (*β* = −0.015, *p* = 0.921). Follow-up analyses employed an identical model, but with the more specific measure of caregiver acceptance--responsivity in place of the summary measure. The findings replicated those reported above, and are therefore not reported in detail. These results suggest that neonatal amygdala connectivity to bilateral insula predicts infant fear at 6-months-of-age independent of the postnatal caregiving environment (as measured by the HOME Inventory).

### 3.3.2. Cognitive development {#sec0175}

With regard to cognitive development we focused on left and right amygdala connectivity to ACC/MPFC---consistent with the original findings noted above. The regression model with left amgygdala to ACC/MPFC connectivity and the caregiving environment as predictors explained approximately 23% of the variance in infant cognitive development at 6 months (*R*^2^ = 0.230, *p* = 0.017). Left amygdala to ACC/MPFC connectivity remained a significant predictor (*β* = 0.459, *p* = 0.003), and caregiving was not significantly associated with cognitive development (*β* = 0.050, *p* = 0.728). Including the interaction between amygdala to ACC/MPFC and caregiving did not explain a significant amount of additional variance (*R*^2^ = 0.000, *p* = 0.973), and the interaction did not significantly predict infant cognitive development (*β* = 0.005, *p* = 0.973). For right amygdala to ACC/MPFC connectivity, the model explained approximately 20% of the variance in infant cognitive development (*R*^2^ = 0.208, *p* = 0.030). Right amygdala to ACC/MPFC connectivity remained a significant predictor (*β* = 0.406, *p* = 0.005), and the caregiving environment was not significantly associated with cognitive development (*β* = 0.116, *p* = 0.404). Including the interaction between amygdala to ACC/MPFC and caregiving did not explain a significant amount of additional variance (*R*^2^ = 0.030, *p* = 0.192), and the interaction did not significantly predict infant cognitive development (*β* = −0.193, *p* = 0.192). Follow-up analyses with the more specific measure of caregiver learning-organization replicated those for the summary measure, and are therefore not reported in detail. We additionally examined caregiver acceptance--responsivity due to its positive association with infant cognitive development ([Table 2](#tbl0010){ref-type="table"}). The regression model with left amgygdala to ACC/MPFC connectivity and caregiver acceptance--responsivity as predictors explained approximately 29% of the variance in infant cognitive development at 6 months (*R*^2^ = 0.286, *p* = 0.004). Left amygdala to ACC/MPFC connectivity remained a significant predictor (*β* = 0.420, *p* = 0.003), and acceptance--responsivity was associated with cognitive development at the trend level (*β* = 0.251, *p* = 0.062). Including the interaction between amygdala to ACC/MPFC and acceptance--responsivity did not explain a significant amount of additional variance (*R*^2^ = 0.002, *p* = 0.749), and the interaction did not significantly predict infant cognitive development (*β* = 0.046, *p* = 0.973). For right amygdala to ACC/MPFC connectivity, the model including acceptance--responsivity explained approximately 27% of the variance in infant cognitive development (*R*^2^ = 0.270, *p* = 0.006). Right amygdala to ACC/MPFC connectivity remained a significant predictor (*β* = 0.388, *p* = 0.005), and acceptance--responsivity was also positively associated with cognitive development (*β* = 0.280, *p* = 0.038). Including the interaction between amygdala to ACC/MPFC and acceptance--responsivity did not explain a significant amount of additional variance (*R*^2^ = 0.031, *p* = 0.167), and the interaction did not significantly predict infant cognitive development (*β* = −0.183, *p* = 0.167). In line with the amygdala-insula connectivity and fear findings, the association between neonatal amygdala-ACC/MPFC connectivity and cognitive development at 6-months did not appear to be modulated by the postnatal caregiving environment, as assessed with the HOME Inventory.

### 3.3.3. Differentiated fear phenotype (interaction between fear and cognitive development) {#sec0180}

For the differentiated fear phenotype, analysis focused on left and right amygdala connectivity to vACC/MPFC. These analyses did not include a test for the moderating effects of the caregiving environment on the association between connectivity and the differentiated fear phenotype, because this would essentially involve testing a four-way interaction (between connectivity, caregiving, fear and cognitive development), which would not be appropriate given the current sample size. The regression model with left amygdala to vACC/MPFC connectivity and the caregiving environment as predictors, explained a significant amount of variance in the fear by cognition interaction (*R*^2^ = 0.211, *p* = 0.011). Left amygdala to vACC/MPFC connectivity remained a significant predictor (*β* = 0.449, *p* = 0.004), and the caregiving environment was not significantly associated with this interaction (*β* = −0.182, *p* = 0.215). For right amygdala to vACC/MPFC connectivity, the model also explained a significant amount of variance in the interaction between infant fear and cognitive development (*R*^2^ = 0.205, *p* = 0.013). Right amygdala to vACC/MPFC connectivity remained a significant predictor (*β* = 0.438, *p* = 0.004), and caregiving was not significantly associated with the interaction (*β* = −0.166, *p* = 0.257).

Overall, neonatal amygdala connectivity predicted infant fear, cognitive development and the differentiated fear phenotype at 6 months above and beyond effects of the caregiving environment. The caregiving environment also did not moderate the association between neonatal amygdala connectivity and fear or cognitive development, indicating that the neonatal connectivity patterns were generally consistent predictors of these outcomes across different caregiving environments.

4. Discussion {#sec0185}
=============

4.1. Summary of findings {#sec0190}
------------------------

In the current report we show that neonatal amygdala connectivity predicted both fearfulness and cognitive development at 6-months-of-age. Greater neonatal amygdala connectivity to several cortical and subcortical regions, including regions frequently implicated in fear in children and adults, such as the aI, were associated with emerging fear during the first year of life. The pattern of neonatal amygdala connectivity associated with more advanced cognitive development (e.g. a higher score on the cognitive measure relative to other infants in this typically developing sample) at 6-months included some intriguing overlap with the fear findings, but was also distinct in including anterior, dorsal and medial PFC regions. Yet another distinct pattern of neonatal amygdala connectivity predicted the differentiated fear phenotype, which takes into account cognitive development. Specifically, greater neonatal amygdala connectivity to vACC/MPFC predicted a phenotype characterized by higher fear in combination with more advanced cognitive development. The associations between neonatal amygdala connectivity and these outcomes did not appear to be modulated by variation in the caregiving environment.

4.2. Developmental framework for interpretation of findings {#sec0195}
-----------------------------------------------------------

In discussing these findings, it is important to maintain a developmental framework. The first year of life, and particularly the beginning of the second-half of the first year, is a unique period for the development of fear. It is characterized by a developmentally typical increase in fear, as infants learn to effectively navigate their environments ([@bib0370]). However, even in the context of typically developing fear, higher levels of fear have been associated with later emerging pathology ([@bib0260]). A better understanding of the earliest neural foundations of fear in the first year of life therefore has implications both for typical development of this important emotion, and for risk of fear-related psychopathology.

There are multiple factors that appear to influence whether high fear during infancy represents part of a typical developmental trajectory, or a risk factor for psychopathology. As reviewed previously, cognitive skills have emerged as a particularly important factor for modulating risk of psychopathology for individuals who display high fear or negative emotionality during infancy ([@bib0175], [@bib0450], [@bib0570]). We present evidence suggestive not only of patterns of connectivity that precede and predict emerging fear, but also of an early pattern of connectivity associated with a specific phenotype of higher fear combined with more advanced cognitive development. Based on previous work examining the interplay between fear and cognitive skills ([@bib0160], [@bib0265]), we propose that this phenotype may be indicative of a healthy developmental trajectory in which robust development of fear is balanced by parallel cognitive development. In contrast, high fear that is not paralleled by more rapid development of cognitive skills may be indicative of risk for fear-related psychopathology. Ongoing work will allow for testing this proposal, and for determining whether connectivity markers in the neonatal period can predict these outcomes. Nonetheless, this proposed model serves as a framework for interpreting the results of the current study.

4.3. Neonatal amygdala connectivity and infant fear at 6-months {#sec0200}
---------------------------------------------------------------

Amygdala connections implicated in normative and pathological fear across the life span appear to have roots in a functional neural architecture evident by the time of birth. We expect that these functional connections will change substantially over the course of development ([@bib0250], [@bib0280]); however, the coordinated functioning of these regions in the neonatal period is consistent with evidence from animal models demonstrating that amygdala circuitry underlying fear behaviors is in place (and can be activated under conditions of duress) well before fear behaviors typically emerge during development ([@bib0365], [@bib0430], [@bib0440]).

Interestingly, the pattern of neonatal amygdala connectivity associated with subsequent fear at 6-months-of-age was consistent with recent work highlighting long range amygdala functional connections to cortical and subcortical brain regions in 6-month-old infants ([@bib0550]). Specifically, Qiu and colleagues observed significant, positive amygdala connectivity with bilateral insula, basal ganglia, precentral gyrus and temporal cortex regions, among others, in 6-month-old infants. The results of the present study not only suggest that the integrity of these particular connections are important for fear at 6-months-of-age, but that coordinated functioning of the amygdala with these same regions is evident at birth.

In addition, there are remarkable similarities in the specific functional connections observed to predict fear at 6-months-of-age, and those associated with normative and pathological fear in older children and adults. In particular, the link between the neonatal amygdala and bilateral aI emerged as a significant predictor of infant fear at 6-months. Research with adults documents the role of amygdala to aI connectivity in identifying salient, or personally relevant, stimuli and interacting with other brain systems to facilitate flexible responding (as part of the "salience network"; [@bib0400], [@bib0395], [@bib0600]). It is not known whether this connection serves a similar purpose during infancy, but identification of stimuli as salient, or relevant for safety, is a logical precursor to emerging fear behaviors.

In line with this role in salience detection, amygdala to aI connectivity has been proposed to be important for integrating fear processing across multiple cortical and subcortical brain systems involved in different aspects of fear learning and behavior in adults ([@bib0050], [@bib0495]). Greater coordinated functioning between the amygdala and aI is observed following exposure to violence ([@bib0650]) and perceived threat ([@bib0655]), and is more generally associated with higher levels of non-pathological fear ([@bib0050]). Interestingly, previous work is also in line with the lateralized findings in the present study, indicating a specific role for left amygdala to insula connectivity in fear in children and adults ([@bib0050], [@bib0540]). In fact, resting state functional connectivity between the left amygdala and aI was found to explain 40% of the variance in state anxiety among a group of healthy adults ([@bib0050]). The results here suggest that these particular relationships are building as early as the neonatal period.

Higher neonatal amygdala to VS connectivity also predicted higher levels of fear at 6 months-of-age. This finding was not anticipated, but is interesting in the context of research with adults indicating a role for the VS in fear learning and prediction ([@bib0180], [@bib0340], [@bib0515]), ongoing flexible evaluation of fear-relevant stimuli ([@bib0590]), and generalization of fear based on features of an aversive stimulus in adults ([@bib0190]). Adolescents characterized as behaviorally inhibited during infancy and early childhood also show differences in striatal functioning during reward processing ([@bib0035], [@bib0295], [@bib0315], [@bib0320]). The current results raise questions about the role of early amygdala-VS connectivity in emerging fear.

The role of amygdala-aI and amygdala-VS functional connectivity in emerging fear in infancy is also of interest due to associations between these connections and pathological anxiety in adolescents and adults ([@bib0290], [@bib0425], [@bib0555], [@bib0575], [@bib0605], [@bib0620]). In children 7 to 9 years of age, greater positive amygdala-aI and amygdala-VS connectivity was associated with higher levels of anxiety symptoms within a range including typical and potentially pathological anxiety ([@bib0540]). Ongoing longitudinal work will be needed to examine the relevance of these connections during the neonatal period as risk factors for pathological anxiety. However, we interpret the present results in the context of the typical developmental trajectory of emerging fear over the first year of life, and posit that connections specifically linked to the interaction between fear and cognitive development may be most relevant for understanding risk for pathological fear.

4.4. Neonatal amygdala connectivity and infant cognitive development at 6-months {#sec0205}
--------------------------------------------------------------------------------

The strong associations between neonatal amygdala connectivity and cognitive development at 6-months-of-age highlight the importance of examining the amygdala beyond the domain in which it is most frequently examined (emotional development). Indeed, the utility of distinguishing between brain regions based solely on their perceived role in emotional versus cognitive processes has increasingly been questioned ([@bib0490], [@bib0585]). The pattern of neonatal connectivity associated with cognitive development in the current study was distinguished from the fear findings due to the inclusion of anterior, medial and dorsal PFC regions. In adults and children, these regions form important components of brain systems that support high level cognitive processes, such as purposeful control of attention (e.g. cingulo-opercular system; [@bib0185], [@bib0210], [@bib0525]). The medial PFC regions are part of the default mode network, which appears to be involved in self-generated, or spontaneous cognition ([@bib0020], [@bib0015]). The present findings suggest that coordinated functioning between subcortical regions frequently studied in the context of emotion processing, and cortical regions more classically associated with cognition, begins at the earliest stages of development. These early connections may lay a foundation for how the amygdala interacts with multiple aspects of cognitive processing.

Interestingly, there was also overlap between the findings for fear and cognitive development. Specifically, greater amygdala-aI connectivity was associated with both higher levels of fear and more advanced cognitive development. As noted previously, this connection is part of the salience network, which is involved in detecting personally relevant stimuli (as noted previously; [@bib0400], [@bib0395], [@bib0600]), but it is also consistently implicated in the cingulo-opercular network ([@bib0525]), which is important for task control ([@bib0185], [@bib0210]). Just as these processes (and particularly detection of salient stimuli) are likely important for emerging fear behaviors, they are also necessary prerequisites for development of many cognitive skills ([@bib0630]). In addition, previous work in infants suggests that the insula is one of the most highly interconnected brain regions beginning in the neonatal period ([@bib0255]). The current results are consistent with an understanding of the aI as a highly interconnected brain region involved in multiple behavioral domains beginning in the earliest stages of development.

4.5. Neonatal amygdala connectivity as a predictor of the emerging interaction between fear and cognitive development {#sec0210}
---------------------------------------------------------------------------------------------------------------------

Coordinated functioning of the neonatal amygdala also appears to be relevant for a more nuanced understanding of emerging fear, which incorporates cognitive development. Interestingly, greater neonatal amygdala connectivity with vACC/MPFC was specifically associated with the phenotype of high fear combined with more advanced cognitive development. Research in adults has built on an extensive animal literature and demonstrated the importance of the MPFC (including the specific MPFC region identified here) for fear learning, appraisal, and regulation in the context of fear conditioning paradigms ([@bib0195], [@bib0375], [@bib0415], [@bib0420], [@bib0500]). Beyond fear conditioning paradigms, coordinated functioning of the MPFC and amygdala plays an important role in regulating emotions in a variety of different contexts ([@bib0030], [@bib0195], [@bib0235]), regardless of the specific strategy employed for emotion regulation ([@bib0310], [@bib0305], [@bib0460]). In line with this well established role in regulation of fear, amygdala-MPFC connectivity has been highlighted as playing a key role in pathological anxiety ([@bib0145], [@bib0350], [@bib0575]).

The pattern of greater neonatal amygdala-vACC/MPFC connectivity associated with high fear and more advanced cognitive skills may represent a foundation for the later emerging capacity to regulate fear via interactions between the amygdala and MPFC. Research in older children supports this idea to some extent, as developmental change in the coordinated functioning of the amygdala with a very similar ACC/MPFC region has been linked to the typical decline in separation anxiety from early childhood to adolescence ([@bib0280])*.* The importance of coordinated amygdala-MPFC functioning for development of risk for fear-related psychopathology is highlighted by a growing body of work documenting effects of early life stress on subsequent emergence of anxiety symptoms mediated by changes in the development of amygdala-MPFC functional connectivity ([@bib0110], [@bib0135], [@bib0275], [@bib0325]).

It is important to note that stronger amygdala connectivity to MPFC was also found to predict higher cognitive development without consideration of fear. However, for cognition alone, the ACC/MPFC region identified was more anterior and dorsal compared to the region associated with the high fear and cognitive development phenotype. Thus neonatal amygdala to ACC/MPFC connectivity appears to be relevant for cognitive development in general, and more specifically related to cognitive development in the context of fear within a more ventral region. This finding is interesting in light of research in adults documenting differences in the role of ventral versus dorsal ACC/MPFC in processing and regulating negative emotions, and particularly fear ([@bib0195]). Previous work in children suggests that younger children, and children with more fearful temperaments engage more ventral versus dorsal ACC during emotion processing and regulation ([@bib0485]). It will be important to build on the present findings by examining whether the pattern observed here in neonates is a precursor to the subsequent differentiated roles of dorsal and ventral ACC/MPFC regions in emotion processing and regulation.

4.6. Caregiving environment {#sec0215}
---------------------------

The association between amygdala connectivity and infant fear, cognitive development, and the differentiated fear phenotype remained significant when considering the quality of the postnatal environment, suggesting an independent effect of neonatal amygdala connectivity strength on these outcomes. Furthermore, at least in the domains of fear and cognitive development, the strength of these particular amygdala connections did not determine inter-individual differences in propensity of responding to the postnatal caregiving environment. It is important to note that for amygdala connectivity linked to the differentiated fear phenotype we did not examine interaction with the caregiving environment due to the limitations of the sample size (although we did examine the independent effect of this connection when adjusting for variation in caregiving). Nonetheless, given previous evidence documenting effects of caregiving on the development of fear and cognition in infancy ([@bib0100], [@bib0260], [@bib0380]), and the fairly comprehensive assessment of the caregiving environment in the present study, these results provide support for neonatal amygdala connectivity as a robust predictor of development in these areas, and raise questions regarding the intrauterine environmental and genetic determinants of neonatal amygdala connectivity.

In interpreting the findings regarding the caregiving environment, it is also important to note that we only examined connections found to predict infant fear and cognitive development. Among those connections, we focused on those previously found to be particularly important for understanding the neural basis of typical and pathological fear in children and adults. Such an approach was deemed necessary to retain the focus on development of fear and the differentiated fear phenotype, prevent excessive multiple comparisons and facilitate interpretability of results. However, it also increases the chance of missing aspects of neonatal amygdala connectivity that confer sensitivity to the caregiving environment. In addition, we only examined one assessment of the caregiving environment, and did not examine extreme variation in caregiving (i.e. abuse or neglect). Thus, our findings are not necessarily at odds with extensive research showing associations between the caregiving environment and developing connectivity between the amygdala and MPFC ([@bib0110], [@bib0135], [@bib0275], [@bib0325]). A more thorough examination of this phenomenon, including a larger sample size, and consideration of outcomes beyond the first 6-months of life, will be an important topic for future research.

4.7. Limitations and additional considerations {#sec0220}
----------------------------------------------

There are several important considerations for interpreting and building on the results reported here. First, this paper focuses on fear, and a broad measure of early cognitive development. However, the brain regions and connections highlighted in these findings likely play important roles in the development of a wide range of emotions (including positive emotions and other negatively valenced emotions), and the interplay between these emotions and various aspects of cognitive development. We take a step towards a multi-dimensional perspective on brain and behavioral development by including fear and cognitive development, but a more comprehensive approach, including multi-method assessment of a range of emotions and different cognitive skills will be an important next step. For example, future work should include specific assessment of attentional control, which has been highlighted as a cognitive skill that is particularly important for emotion regulation during infancy ([@bib0160]), and closely associated with later development of fear-related psychopathology ([@bib0245]).

Establishing rs-fcMRI as a predictor of behavioral outcomes will necessitate the use of more advanced statistical modelling techniques, as well as inclusion of baseline measures of physiology and behavior to examine whether patterns of functional connectivity predict outcomes above and beyond these other measures. Building on the results of this study will also involve taking a systems level approach to characterizing functional brain organization. We used individualized amygdala regions of interest, and seed based analyses, as a first step in understanding neural foundations of fear in early infancy. However, research in children and adults has demonstrated that examining brain organization at the level of networks, and whole brain topology, allows for a more parsimonious and thorough characterization of functional brain organization relevant for emotional and cognitive development and mental health ([@bib0390], [@bib0530], [@bib0660]). Such an approach will likely be helpful in continuing to advance understanding of the links between early brain functioning and typical and atypical development of fear. Finally, we acknowledge that the amygdala is composed of multiple sub-nuclei, which may be differentially involved in development of fear ([@bib0540]). Future research will be needed to test appropriate methods for identifying and segmenting these sub-nuclei in neonates in order to understand their potentially distinct roles in early emotional and cognitive development.

4.8. Conclusions {#sec0225}
----------------

The capacity to successfully navigate the world depends on fear, as well as other negative emotions, and particularly on the ability to use these emotions to respond adaptively to a variety of stimuli. The early patterns of amygdala connectivity linked to parallel high fear and cognitive development may facilitate both identification of, and flexible responding to meaningful stimuli in the environment. Ongoing longitudinal research will be needed to test the idea that this neurobehavioral phenotype lays a foundation for healthy, versus pathological development of fear over time. The current results highlight the potential utility of rs-fcMRI in this future work, and in other research seeking to gain an early window into complex developmental processes prior to their emergence at a behavioral level.

The results also raise questions about the potential contribution of the prenatal environment to the patterns of brain connectivity observed here in neonates. Previous work suggests that prenatal conditions, such as maternal stress and elevated maternal cortisol concentrations during pregnancy, as well as preconceptional conditions (e.g. maternal obesity), are associated with amygdala structure ([@bib0120]) and function in offspring ([@bib0550]), and with as development of fear ([@bib0170]) and cognitive skills ([@bib0115], [@bib0125]). Research examining the extent to which these early patterns of amygdala connectivity are associated with specific intrauterine conditions will be important for identifying modifiable conditions to inform prevention and intervention efforts.
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[^1]: *p* \< 0.05.

[^2]: *p* \< 0.01.
